Electronic and magnetic properties of multishell Co nanowires coated with Cu 
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The structural, electronic, and magnetic properties of ultrathin Cu-coated Co nanowires have been 
studied by using empirical genetic algorithm simulations and a tight-binding spd model Hamiltonian 
in the unrestricted Hartree-Hock approximation. For some specific stoichiometric compositions, Cu 
atoms occupy the surface, while Co atoms prefer to stay in the interior, forming the perfect coated 
multishell structures. The outer Cu layers lead to substantial variations of the magnetic moment of 
interior Co atoms, depending on the structure and thickness of Cu layers. In particular, single Co 
atom row in the center of nanowire is found to be nonmagnetic when coated with two Cu layers. 
All the other Co nanowires in the coated Cu shell are still magnetic but the magnetic moments are 
reduced as compared with Co nanowires without Cu coating. The interaction between Cu and Co 
atoms induces nonzero magnetic moment for Cu atoms. 
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I. INTRODUCTION 



In recent years, there have been increasing interests 
in the study of low-dimensional metallic nanostructures 
because of their unique physical properties and the po- 
tential applications in nanoscale materials and devices 
[1]. The progress in experimental techniques have made 
it possible to synthesize stable ultrathin metal nanowires 
with diameter down to several nanometers and of suf- 
ficient length [2-8]. For example, Kim's group has 
successfully fabricated arrays of single-crystalline silver 
nanowires with 0.4 nm width and /im-scale length inside 
the pores of organic template [8]. Takayanagi et al. has 
observed novel helical multi-shell structures in the sus- 
pended ultrathin gold and platinum nanowires [3]. 

Theoretically, the ultrathin metal wires have been in- 
vestigated by different groups [9-27]. Most of those 
previous studies were focused on their structures, melt- 
ing and dynamical behavior [9,10,13-24,26], while there 
are only few ab initio [11,12,16,17,26,27] or semiempircal 
[20,25] calculations on the electronic properties of metal 
nanowires. So far, our knowledge on the electronic and 
magnetic properties of metal nanowires are still quite lim- 
ited. In particular, there is no theoretical exploration 
on the electronic and magnetic properties of ultrathin 
bimetallic nanowires, whereas the bimetallic nanoclus- 
ters have been studies in previous works [28-38]. 

In this paper, we exploit the structural and magnetic 
properties of Co nanowires fully coated with Cu atomic 
shells. The main reason for choosing Cu-Co system is 
that the physical properties of bulk Co and Cu are very 
different while their atomic radiuses are comparable. We 
may get a clear dependence of the various properties of 



the coated nanowires on their size, structure, and thick- 
ness of Cu and Co layers. Moreover, Co and Cu al- 
loys are non-miscible. The detailed study of Cu-Co alloy 
nanowires might provide a qualitative analysis from the 
mecoscopical points. Previously, the magnetic proper- 
ties of both free Co clusters [39-41] and the Co clusters 
embedded in Cu matrix have been studied [42-47] . 



II. STRUCTURES OF CU-CO ALLOY 
NANOWIRE 

The interatomic interactions are modeled by a Gupta- 
like many-body potential [48], which was widely used to 
study the structures and properties of small transition 
metal clusters [50-52] and alloy clusters [34-38]. The po- 
tential parameters for Co-Co and Cu-Cu interaction are 
taken according to those fitted for bulk Co and Cu solids 
in [49]. The parameters for inhomogeneous Cu-Co inter- 
action are derived from the average of the Cu-Cu and 
Co-Co parameters. In our previous works [37,38], the 
validity of this parameterization scheme was examined 
by comparing with ab initio calculations on the small 
clusters, i.e., homogeneous and inhomogeneous dimers 
and trimers, C013 and C1113. A direct comparison of 
the ab initio result with the empirical one on the struc- 
tural information, such as equilibrium bond length and 
bond angle of the small clusters, can be found in Ref. 
[37,38]. This parameterization has successfully described 
the structural electronic, magnetic and thermal proper- 
ties of Coi8- m Cu m (0 < m < 18) clusters [37,38]. 

In this work, the lowest energy structures of the 
Cu-coated Co nanowires in several specific stoichiomet- 
ric compositions are determined using a genetic algo- 
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rithm (GA) [53-55,16-18] global structural minimiza- 
tion. In breif, a number of random initial configurations 
of the nanowires within one-dimensional periodic bound- 
ary condition are generated in the beginning. Any two 
candidates in the population are then chosen as parents 
to generate a child cluster by mating operation [53,16]. 
The child nanowirc structure is further relaxed using em- 
pirical molecular dynamics. Then the optimized struc- 
ture will be selected to replace its parents if it has lower 
energy. The detailed description of the genetic algo- 
rithm in the structural optimization of low-dimensional 
nanostructures can be found in our previous publications 
[54,55,16-18]. 

From our simulations, we found that the Cu-Co alloy 
nanowire tend to form ordered structures. Cu atoms pre- 
fer to occupy the surface while Co atoms stay in the inte- 
rior of wire. The assembling of Cu atoms tends to maxi- 
mize the number of Cu-Cu and Co-Co bonds. This phe- 
nomenon can be attributed to the significant difference 
in the surface energy and the cohesive energy between 
Co and Cu. The cohesive energy and surface energy of 
the bulk Cu solid are 3.544 eV per atom and 1.934 Jm -2 
respectively. Both are smaller than those of the Co solid, 
4.386 eV and 2.709 Jm -2 . To minimize the total energy, 
the atom with a smaller surface energy and cohesive en- 



ergy tends to occupy the surface, while the atom with a 
higher surface energy and cohesive energy favors to stay 
in the interior. Another possible reason is the atomic size 
effect. In our simulations, the first neighboring distance 
of Cu is 2.556 A, larger than that of Co (2.507 A). Thus, 
Co atoms are more easily surrounded by Cu atoms. Bas- 
ing on these effects, we can adjust the composition ratios 
of Cu and Co to achieve some perfect-coated structures, 
for which their electronic and magnetic properties are 
studied. 

Multi-shell cylindrical structures are typically found 
for the Cu-Co alloy nanowires in our GA simulations. 
These structures are multi-shell central cylinders com- 
posed of regular coaxial cylindrical shells. Such struc- 
tures have been theoretically predicted for Al, Pb, Au, 
Ti, Zr, Rh, Cu nanowires [9,16-18,20,22] and experi- 
mentally observed in Au and Pt nanowires [3]. On the 
other hand, coaxial nanocable by semiconducting mate- 
rials were reported by Iijima's group [56]. In this paper, 
we restrict our discussions on those nanowires belong- 
ing to the centered pentagonal and hexagonal multishcll 
growth sequence because of their relatively higher sym- 
metry and thermal stability [21]. Our systematical illus- 
tration of various multishcll growth sequence of the metal 
nanowires can be found elsewhere [17,18]. 




FIG. 1. Optimized structures of bare and Cu-coated Co nanowires (dark balls: Co atoms; bright balls, Cu atoms). Left 
part is for the centered hexagonal multishell structural pattern and right one for the centered pentagonal one. The indexes of 
n-nl-n2-n3 in parenthesis are used to characterize each structure. See text for detailed descriptions. 



Fig.l shows the morphologies of the Cu-Co alloy 
nanowires with centered pentagonal and hexagonal mul- 
tishcll sequence. Both the bare Co nanowire and the 



Co wires perfectly coated with Cu are presented. With 
the notation of n-nl-n2-n3 in parenthesis [3,16-18], we 
can describe the nanowires consisting of closed coaxial 
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shells, each of which is composed of n,nl,n2, and n3 
helical atomic strands from outer to inner (n > nl > 
n2 > n3) [17,18]. As shown in Fig.l, wire Cu(6)Co(l) 
is formed by the outer shell containing six Cu helical 
atomic strands and the inner shell being a single row 
of Co atoms. Similarly, wires Cu(12-6)Co(l), Co(6- 
1), Cu(12)Co(6-l), Cu(17-12)Co(6-l), Co(12-6-l), and 
Cu(17)Co(12-6-l) constitute growth patterns with two- 
, three-, and four-shells sequence of centered hexagonal 
packing. In contrast to the helical structures found in 
the centered hexagonal growth pattern, the Cu(5)Co(l), 
Cu(10-5)Co(l), Co(5-l), Cu(10)Co(5-l), Cu(15-10)Co(5- 
1), Co(10-5-l), and Cu(15)Co(10-5-l) nanowires associ- 
ated with the centered pentagonal multishell sequence 
are not helical. These structures can be viewed as de- 
formed icosahedral packing. 



III. ELECTRONIC STRUCTURES AND 
MAGNETISM OF CU-COATED CO NANOWIRES 

Based on the optimized structures in Fig.l, we investi- 
gate the electronic and magnetic properties by a param- 
eterized spd tight-binding model Hamiltonian within the 
unrestricted Hartee-Fock approximation. Similar tight- 
binding methods were successfully applied to transition- 
metal clusters [37,38,57,58] and nanowires [20] in our pre- 
vious works. The Hamiltonian, written in a local orbital 
basic set, has the expression: 

v A ^— \ a fj A+ A 

H = W n laa + c laa c l0a (1) 

a, /3,<y 

A+ A 

where c iaa ( c^) is the creation (annihilation) operator 

and n iacr \s the number operator of an electron.. The t"?is 
the hopping integral between different sites and orbitals. 
The orbital state a involved in the calculation includes 

s,Px,P y ,Pz,d xy ,dyz,dxz,dx 2 -y 2 ,d3z 2 -r 2 - The single-site 
energy e iarT is given by 

W = 4 + UAn(t) - ^aJp{i) + &n(j)Vij (2) 

Here e d refers to the orbital energy levels in the param- 
agnetic solutions of the bulk. An(j) denotes the charge 
change. The Coulomb interaction Vy is described as 

Vij = TTJjjr^) (3) 

During our calculations, the orbital energy and the 
hopping integrals are taken to be the bulk values obtained 
from Andersen's linear muffin-tin orbital atomic sphere 
approximation (LMTO-ASA) paramagnetic bands [59]. 



The hopping integrals are assumed to be spin inde- 
pendent and are averaged for the heteronuclear. Ex- 
changing integrals other than Jdd are neglected and 
J dd (Co) = 0.99eV [60]. The direct integral U dd (Co) 
is obtained from Ref. [61] , and U ss /U dd relations arc 
from the atomic tables. We take U dss = U pp = U sp and 
U sd = U pd = (U ss + U dd )/2 [62]. For Cu, all the parame- 
ters come from Ref. [62]. 

The magnetic moment can be determined by inte- 
grating the majority and minority local densities of 
state(LDOS) up to Fermi energy: 

[Pia-, (e) - p lai {e)]de, (4) 

-co 

The LDOS is directly related to the diagonal elements 
of the local Green function by means of the recursion 
method [63]: 

Piaa = Im[Gi Q(Ti i Q , cr (e)]. (5) 

IT 

Our main theoretical results are summarized in Ta- 
ble I, including the average coordination numbers (CN), 
average bond length R, average magnetic moments per 
Co and Cu atom for bare and Cu-coated Co nanowires. 
The n-nl-n2-n3-n4 structural indexes for these wires are 
given in parenthesis. To simplify the discussion, wc 
will divide the N atoms in the simulation supercell of 
nanowirc into several groups based on the atomic lay- 
ers, coordination numbers and symmetries of the wire 
and take their average (see Table II). For example, 
there are two group of atomic sites (i.e., centered single 
atom-row and outer shell) in Co(5-l), Cu(5)Co(l), Co(6- 
1), and Cu(6)Co(l) wires, and four in Cu(10-5)Co(l), 
Cu(10)Co(5-l), Cu(12-6)Co(l), and Cu(12)Co(6-l). 

Table I. The average coordination numbers (CN), average 
bond length R(A) , calculated average magnetic moments 
per Co {pc'o) and Cu (pcu) atom (in unit of /ib) for Cu- 
Co nanowires. The structural index n-nl-n2-n3-n4 for 
these wires is given in parenthesis. 



Nanowire 


CN 


R 


PCo 


PCu 


Cu(5)Co(l) 


8.67 


2.565 


0.68 


0.06 


Cu(10-5)Co(l) 


9.81 


2.559 


0.06 


0.02 


Co(5-l) 


8.67 


2.527 


1.02 




Cu(10)Co(5-l) 


9.81 


2.539 


1.66 


0.05 


Cu(15-10)Co(5-l) 


10.31 


2.529 


0.14 




Co(10-5-l) 


9.81 


2.511 


0.83 




Cu(15)Co(10-5-l) 


10.31 


2.518 


0.51 




Cu(6)Co(l) 


8.86 


2.551 


1.01 


0.13 


Cu(12-6)Co(l) 


9.27 


2.536 


-0.01 


0.04 


Co(6-l) 


8.86 


2.514 


2.15 




Cu(12)Co(6-l) 


9.27 


2.516 


1.55 




Cu(17-12)Co(6-l) 


10.00 


2.537 


0.05 




Co(12-6-l) 


9.27 


2.492 


1.63 




Cu(17)Co(12-6-l) 


10.00 


2.519 


0.45 
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First, it is interesting to discuss the magnetic proper- 
ties of bare Co nanowires with no Cu outer layers. For 
both hexagonal and pentagonal structural pattern, the 
magnetic moments of Co nanowires decreases with in- 
creasing wire diameters. For example, the average mag- 
netic moments drop from 2.15 fib in Co(6-l) wire to 1.63 
fib Co(12-6-l). The trend is similar to the observed mag- 
netic moments of Co clusters [39]. It is worthwhile to 
note that the calculated average magnetic moment of 
Co(6-l) wire (2.15 fib) is close to the magnetic moment 
of C013 cluster with comparable size. The experimental 
moment for C013 is 2.08 fib [40], while first principle cal- 
culations on C013 with symmetry give a moment of 
2.105 fib per atom [41]. However, the magnetic properties 
for Co nanowires depend not only on the sizes but also 
on the atomic structures. The magnetic moment found 
for Co(6-l) wire (2.15 fib per atom) is much higher than 
the 1.02 fib for Co(5-l) wire, although the sizes of these 
two wires are comparable. Similar effect can also be seen 
in the thicker bare Co nanowires, i.e., 2.08 fib for Co(12- 
6-1) versus 2.08 fib for Co(10-5-l). The larger magnetic 
moments in the hexagonal nanowires can be attributed 
to their highly compact helical structures. To achieve a 



good packing along the wire axis with one-dimensional 
periodical boundary condition, the match of icosahcdral 
symmetry in pentagonal Co(5-l) or Co(10-5-l) wires will 
lead to the larger Co-Co interatomic distance as com- 
pared with Co(6-l) and Co clusters. The larger bond 
length would then reduce the magnetic moments [67]. 

As shown in Table I, quenching of magnetism in Co 
nanowires is generally found after Cu layers coating. As 
an extreme case, single Co atomic row coated by two Cu 
layers is found to be nearly nonmagnetic (wire Cu(10- 
5)Co(l) and Cu(17-12)Co(6-l) in Table I). Cu atomic 
layers seem to have a "screen" effect on the magnetic mo- 
ments of Co atoms and lead to zero magnetic moment in 
these nanowires. Our current results of Cu-Co nanowires 
arc in quantitatively agreement with previous studies on 
the Co clusters embedded in Cu matrix. The quenching 
of ferromagnetism in Co clusters embedded in Cu matrix 
were reported both experimentally [42] and theoretically 
[43-47]. Xiao et al. even found that single Co atom in 
Cu matrix is nonmagnetic, similar to our result on the 
zero magnetic moment for single Co atomic row coated 
by two Cu layers [43]. 



Table II. Mullikcn populations, net charge, and local magnetic moments (in fib) for atoms at different shells of 
nanowires. The n-nl-n2-n3-n4 and the number for equivalent atomic sites for these wires are given in parenthesis. 



Supercell 




3d 


Charge 
4s 


4p 


Net 
charge 


3d 


Moment 
4s 


4p 


Cu(5)Co(l) 


core (4 Co) 


8.125 


0.599 


0.580 


-0.304 


0.677 


-0.011 


0.017 




2nd(20 Cu) 


9.644 


0.693 


0.603 


0.060 


0.075 


-0.009 


-0.006 


Cu(10-5)Co(l) 


core( 4Co) 


9.161 


0.343 


0.425 


-0.929 


-0.051 


-0.003 


-0.011 




2nd(20 Cu) 


9.531 


0.508 


0.929 


0.032 


-0.039 


0.000 


0.021 




3rd(10 Cu) 


9.690 


0.539 


0.727 


0.144 


-0.028 


-0.007 


0.042 




3rd(20 Cu) 


9.738 


0.686 


0.569 


0.007 


-0.021 


-0.033 


0.014 


Cu(10)Co(5-l) 


core (4 Co) 


6.121 


0.609 


1.280 


0.990 


2.534 


-0.028 


0.086 




2nd(20 Co) 


7.501 


0.588 


0.803 


0.109 


1.565 


-0.020 


-0.022 




3rd(10 Cu) 


9.476 


0.838 


0.834 


-0.148 


0.012 


-0.018 


-0.013 




3rd(20 Cu) 


9.551 


0.859 


0.752 


-0.162 


0.027 


0.016 


0.023 


Cu(12-6)Co(l) 


core (4 Co) 


9.363 


0.405 


0.326 


-1.094 


0.143 


-0.007 


0.000 




2nd(20 Cu) 


9.561 


0.476 


0.899 


0.064 


-0.011 


-0.013 


0.000 




3rd(10 Cu) 


9.620 


0.610 


0.744 


0.026 


-0.020 


-0.017 


0.046 




3rd(20 Cu) 


9.677 


0.566 


0.699 


0.058 


-0.022 


0.011 


0.054 


Co(12-6-l) 


core (4 Co) 


6.646 


0.649 


1.462 


0.243 


1.261 


-0.054 


-0.051 




2nd(28 Co) 


6.966 


0.573 


1.348 


0.113 


1.924 


-0.062 


-0.044 




3rd(28 Co) 


7.974 


0.591 


0.980 


-0.545 


0.396 


-0.058 


-0.018 




3rd(28 Co) 


6.234 


0.914 


1.467 


0.385 


2.801 


-0.001 


0.011 


Cu(12)Co(6-l) 


core (4 Co) 


5.530 


0.701 


1.359 


1.410 


3.362 


-0.046 


-0.090 




2nd(28 Co) 


7.605 


0.523 


0.707 


0.165 


1.340 


-0.025 


-0.005 




3rd(28 Cu) 


9.468 


0.826 


0.914 


-0.208 


0.024 


-0.025 


0.024 




3rd(28 Cu) 


9.498 


0.796 


0.880 


-0.174 


-0.003 


-0.019 


-0.005 


Cu(17-12)Co(6-l) 


core (4 Co) 


6.327 


0.534 


1.066 


1.073 


0.331 


-0.002 


0.042 




2nd(28 Co) 


7.689 


0.496 


0.669 


0.146 


-0.126 


-0.008 


0.028 




3rd(56 Cu) 


9.548 


0.617 


0.938 


-0.103 


-0.009 


-0.002 


0.010 




4th(81 Cu) 


9.722 


0.598 


0.716 


-0.036 


-0.032 


-0.003 


0.026 
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In the case of single Cu layer coating, Co nanowires 
are still magnetic with reduced moments as compared 
with the corresponding bare ones (see Table I), with ex- 
ception at Cu(10)Co(5-l) wire. The average magnetic 
moment per Co atom in wire Cu(10)Co(5-l) is much 
larger than one of Co(5-l). The reason might be that 
Cu layer "compresses" the bond length of Co-Co in the 
Co wire, which lead to the larger charge transfer between 
Cu and Co atoms. We find the average bond length of the 
core Co(5-l) wire is 2.516 A, which is smaller than that 
2.527 A of bare Co(5-l) wire. In most cases, the aver- 
age magnetic moment of Cu atom is nearly zero, whereas 
small moments on Cu sites are found in the Cu(6)Co(l), 
Cu(5)Co(l), Cu(10-5)Co(l), and Cu(10)Co(5-l) wires. 

To further explore the interaction between Co core and 
coated Cu layers, Table II present the Mulliken pop- 
ulations for several bare and Cu-coated Co nanowires. 
Considerable charge transfer is found in all the nanowire 
studied. Since the electronegativity for Cu is close to 
that for Co, it is expected that electrons may transfer 
either from Co to Cu or from Cu to Co, depending upon 
the specific structure and environment of the atoms. We 
find that the charge transfer from Cu atoms to Co atoms 
occurs for the single atomic Co row with Cu coating, 
while the charge transfer from Co atoms to Cu atoms is 
found for the other nanowires. From Table II, electrons 
are found to transfer from Cu layers to Co row in the 
Cu(5)Co(l), Cu(10-5)Co(l), and Cu(12-6)Co(l). But 
for the nanowires Cu(10)Co(5-l), Cu(12)Co(6-l), and 
Cu( 17- 12) Co (6-1) there are electrons transferring from 
Co to Cu. Generally, charge transfer from Cu to Co 
will depress the magnetic moment of Co atom. On the 
contrary, when the charge transfers from Co to Cu, an 
enhanced magnetism of Co will be induced. For example, 
it is found that the central Co row of nanowires has an 
enhanced moment when covered with Cu shell, such as 
Cu(10)Co(5-l) and Cu(12)Co(6-l). 

Charge transfer between Co atoms is also found for 
the bare Co nanowires, for example, Co(12-6-l) in Table 
II, where electrons transfer to the high-coordinate sites. 
The transfer is related to a corrugated outmost shell with 
shorter bond lengths. In addition, there is also consider- 
able charge redistribution between different shells of Co 
atoms and among different atomic orbitals of the same 
atom in all nanowires with coating Cu shells. For Co 
atoms, the charges are transferred from sp orbitals to d 
orbital, while for Cu atoms, the charges are transferred 
from d orbital to sp orbitals. 

Fig. 2 shows the total density of states (DOS) and 
the sp, d partial DOS of several bare and coated Co 
nanowires . In general, the DOS near to Fermi level 
plays a primary role in determining the magnetism of 
the nanowires. It is clearly seen that the contribu- 
tion from d electrons is dominant, while the sp compo- 
nents are less important. The contribution of d electrons 
in Cu(10)Co(5-l) is larger than that in Co(5-l), which 



leads to the enhanced magnetic moment in Cu(10)Co(5- 
1) wire. For Cu(10-5)Co(l) and Cu(12-6)Co(l) wires, 
the contribution of d electrons near to the Fermi level is 
relatively smaller than that of other cases, which leads 
to especially low magnetic moments. Moreover, Fig. 2 
shows that the sp-d hybridizations in Cu(10-5)Co(l) and 
Cu(12-6)Co(l) wires are also less pronounced than other 
cases, while the hybridizations is much pronounced in 
Cu(10)Co(5-l) and Cu(12)Co(6-l) wires. This sp-d hy- 
bridizations also enhances the magnetism of these Cu-Co 
alloy nanowires. The calculated DOS's for the Cu-Co 
nanowires show some similarity to those of Cu-Co alloy 
clusters in Ref. [43]. 
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FIG. 2. Total (thick solid line), sp (thin dotted line) and d 
orbital (thin solid line) density of states for Cu-Co nanowires. 
Upper: DOS for pentagonal nanowires; down: DOS for hexag- 
onal nanowires. The Fermi level is set as zero. 0.2 eV Gaus- 
sian broadened width is used. 
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IV. CONCLUSIONS 

In summary, the geometrical and magnetic properties 
of bimetallic Co nanowires coated with Cu have been 
studied by a genetic algorithm with a Gupta-like many- 
body potential and a spin polarized tight-binding Hamil- 
tonian. The main conclusions can be made as follows. In 
the specific stoichiometric compositions, Cu atoms oc- 
cupy the surface, while Co atoms prefer to occupy the 
interior of the nanowires to form the perfect-coated struc- 
tures. The coated Cu atomic layer leads to large varia- 
tions of the magnetic moment of Co nanowires, depend- 
ing on the structure and the thickness of Cu layers. Sin- 
gle Co atom row in the center of nanowire is found to 
be nonmagnetic when coated with two Cu layers, while 
all the rest Co nanowires coated with Cu shell are still 
magnetic and their moments are reduced. 
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